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A spherical domain wall around a small black hole is formed by the Hawk-
ing radiation from the black hole in the symmetry-broken-phase of the field
theory, e.g., the Standard Model (SM) and the Grand Unified Theory (GUT)
which have a property of the phase transition. We have obtained two types of
the spherical domain wall; (a) thermalized wall which is formed by the local
heating up near black hole and symmetry restore locally and (b) dynamical
wall which is formed by the balance between the pressure from the Hawking
radiation and the pressure from the wall tensions. The electroweak wall is
formed as a thermalized wall around a black hole with mass of the several
hundred kilogram. The GUT wall is formed as a dynamical wall around much
smaller black hole. The electroweak wall around a black hole can produce
baryon number by the assumption of the CP-broken phase in the wall. The
GUT wall can supply charge into the black hole, namely, the wall causes the
spontaneous charging up of the black hole. We propose a cosmological model
which can explain the origin of the baryon number and the cold dark matter
by the primordial black hole with mass of the several hundred kilogram.
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1 Introduction
The Hawking radiation is a phenomenon of emitting particles with a thermal energy-
distribution characterized by the Hawking temperature from a black hole [1, 2]. In the
case of a Schwarzschild black hole which have neither charge nor spin, the Hawking
temperature is inversely proportional to its mass and the total luminosity of the radiation
is inversely proportional to the square of the mass. Then a small black hole injects the
intense Hawking radiation with high energy into the small region. Actually the radius of
the black hole with mass of several Hundred kilogram is only 10−8 of the proton-radius,
however, the Hawking temperature is over 107 GeV and the total luminosity is greater
than the solar one. Therefore the neighborhood of the small black hole gives us the
interesting experimental field of the particle physics [3, 4].
2 Thermalized Domain Wall by Black Hole
It is natural to ask what phenomenon is arisen when we put a small black hole into a broken
phase vacuum of the field theory which has a property of the (spontaneous) symmetry
breaking, e.g., the Standard Model (SM) and the Grand Unified Theory (GUT). We
can easily imagine that the black hole heat up its neighborhood locally by the Hawking
radiation and the symmetry in the region is restored. So, we can expect a formation of a
spherical domain wall whose center is the black hole and which separates the symmetric
phase region and the broken phase region [5]. First, we have analyzed the system in
which a black hole is radiating at the electroweak-symmetry-broken-phase of the SM by
considering the thermalization with the interactions and the energy transfer of all particles
in the SM. We have found that the electroweak (EW) domain wall which is stationary and
thermalized by the SM interactions is formed when the mass of the black hole is greater
than 70 kg and is smaller than 400 kg (or 200 tons) [6, 7]. The black hole with larger mass
than the upper limit can not thermalize the wall by the SM interactions, and the black
hole with smaller mass than the lower limit has been evaporated before the formation of
the stationary wall. One of the properties of our EW domain wall is that the formation
of the wall does not depend on the order of the EW phase transition because the locally
heating up by the Hawking radiation forms the wall. The structure of the EW domain
wall is given by the thermalization near the black hole, namely, it is given by
〈φ(r)〉 = 〈φ〉T = T (r) , (1)
where T (r) is the temperature distribution around the black hole and which is determined
by the energy transfer analysis with the local thermal equilibrium approximation. We will
show the structure of the EW domain wall in Figure 1. We have assumed the EW phase
transition is the second order in the figure.
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Figure 1: Thermalized domain wall
around a black hole and Higgs VEV.
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Figure 2: Dynamical domain wall.
3 Dynamical Domain Wall by Black Hole
It has been clear that the small black hole can create the spherical EW domain wall by the
local thermalization. It is natural to ask whether the spherical GUT domain wall could be
formed by the similar process. The similar analysis tells us that it is impossible to create
the stationary GUT wall thermalized by the GUT interactions because the cross sections
between particles at the GUT scale are too small to thermalize the wall and the lifetime
of the black hole whose Hawking temperature is greater than the GUT energy is too short
to keep the stationary wall. Therefore the thermalized spherical GUT domain wall due
to the local heat up and due to the thermal phase transition does not appear. However,
we can consider the formation of the GUT spherical wall by the other mechanism which
does not require the local thermalization.
We will consider the spherical domain wall around a black hole without the thermal-
ization and will discuss the dynamical stability of the wall (see Figure 2). The radius of
the spherical domain wall is smaller than the mean free path because the system is not
thermalized, then the Hawking-radiated particles directly reach the domain wall. When
the particles obtain their mass from the Higgs field, the particle climbing over the wall
gives a part of his momentum to the wall and the reflected particle gives twice his mo-
mentum to the wall. Then the domain wall should feel the outward pressure, namely, the
Hawking pressure. On the other hand, the domain wall feels the inward pressure because
of the energy from the symmetric region and the energy from the wall tension. When
the radius of the wall is r, the Hawking pressure is proportional to 1/r2 and the pressure
from the tension is proportional to −1/r. Therefore the balance among these pressures
at a certain radius results in the existence of the dynamical stationary domain wall. The
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condition for existence of the dynamical wall is depending on the several parameters, e.g.,
mass of the particles, degree of the freedom for the heavy particles, tension of the wall and
so on. Generally speaking, we can consider that the dynamical domain wall exists when
the Hawking temperature is greater than the critical temperature of the phase transition.
By this mechanism for the pressure balance, we conclude that the black hole whose Hawk-
ing temperature is greater than the GUT scale creates the spherical GUT wall around it.
The structure of the dynamical wall can be obtained by solving the motion equation for
the Higgs field and the particles radiated from the black hole [8].
4 Electroweak Baryon Number Creation by Black
Hole
The electroweak baryogenesis mechanism has been proposed by Cohen, Kaplan and Nel-
son (CKN mechanism), which uses the EW domain wall from the assumption for the
first order phase transition of EW theory [9]. We can consider the similar baryogenesis
mechanism by using the spherical EW domain wall around a black hole [5, 6, 7]. We
summarize distinctions between the CKN mechanism and our baryogenesis mechanism as
the Sakharov’s three criteria for baryon number creation in Table 1.
Sakharov’s criteria CKN mechanism our mechanism
1) baryon # violation sphaleron process
2) C- and CP- violation SM and extension of Higgs sector
3) out of equilibrium 1st order transition Hawking radiation
(Table 1) Distinctions in the Sakharov’s criteria.
The essence of the difference between the mechanisms is how to realize the out of the
thermal equilibrium; In the CKN mechanism, the EW domain wall by the first order
phase transition at the cooling process of the universe is running through the stationary
plasma, on the other hand, the outgoing plasma-flow due to the Hawking radiation goes
across the stationary spherical wall in our model. Our spherical EW domain wall is
classified into the thick wall in the CKN mechanism because the wall is thermalized by
the SM interactions, therefore, the amount of baryon number production can be evaluated
by considering the spontaneous baryogenesis mechanism. Finally, we have obtained the
total baryon number created by a black hole in his lifetime:
B ≃ 10−9 ×∆θCP
mBH
TW
,
where mBH is the mass of the black hole, θCP is the CP-broken phase assumed in the wall
and TW ≃ 100 GeV is the critical temperature of the EW phase transition.
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5 Cosmological Model with Primordial Black Holes
We have discussed the phenomena caused by a black hole, next, we will consider the
applications of the phenomena to cosmology, e.g., the baryogenesis, the cold dark matter
and so on [7]. We have constructed a cosmological model which can explain the baryon-
entropy ratio in the universe B/S ∼ 10−10 required from the observations and the big-
bang nucleosynthesis (BBN) theory. Our model requires the following assumptions; (i)
the universe earlier than 10−10 second is dominated by the primordial black holes with
mass of the several hundred kilogram:
mBH ≃
ξ
20
(
mpl
TW
)2/3
mpl (ξ = 1.0 ∼ 5.2)
and (ii) the spherical EW domain wall around any black hole has CP-broken phase with
order of one: ∆θCP ∼ 1. In our model, the following scenario is supposed; (1) the
density-fluctuation with a spectrum peaked sharp is created at the inflation era, (2) the
fluctuation creates the primordial black hole with required mass after the end of inflation
and (3) when the age of the universe is 10−10 second, the primordial black holes evaporate
with creating baryon number in the universe and the universe is reheated up by the
Hawking radiation of the black holes (see Figure 3). The primordial black holes created
by the fluctuation behave as the dust-like matter, then the energy density of the black
holes evolves with the (−3) power of the scale factor of the universe expansion. On the
other hand, the energy density of the radiation created by the reheating at the end of
the inflation evolves with the (−4) power of the scale factor. Therefore the expanding
universe can become primordial black hole dominant if the initial energy density of the
created primordial black hole is greater than 10−10 of the energy density of the universe.
6 Black Hole Remnants as Cold Dark Matter
Many authors have discussed whether there exists a remnant which is left after the evap-
oration of the black hole by the Hawking radiation and what is it if it exists from the
various viewpoints, e.g., the uncertainty principle, the information problems, the correc-
tions from quantum gravity, the BPS states and so on [10, 11, 12, 13]. The issue does not
have been understood definitely at the present time because the quantum gravity does
not have been completed. Many authors discuss that, if it exists, the mass of the remnant
may be about the Planck mass, namely, the Planck remnant is left. Here, if any black
holes in our model leave the Planck remnants, how much energy density of them exists
in the present universe? The energy density of the Planck remnant is evaluated as about
ten times of that of the baryonic matter. Typically the black hole with 300 kg creates the
baryonic matter with 3 µg and left the Planck remnant with 20 µg. Our model predicts
Ωrem ∼ 0.3 which is consistent to the current observations. Therefore the remnant in our
model can be a good candidate for the cold dark matter.
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Figure 3: The density history of the universe in our model — from the end of inflation to
the present universe. Both axes are log scale. The thick curve means the critical density of
the universe. 1) The reheating at the end of the inflation makes the hot radiation dominant
universe with the critical density. 2) A characteristic density fluctuation created at the
inflation forms the primordial black holes with mass of several hundred kilogram when
the age of the universe is 10−33 second. The energy density of the primordial black holes
should be greater than 10−10 of the critical density. 3) The universe becomes black hole
dominant. 4) When the age of the universe is 10−10 second , the primordial black holes
evaporate with heating up the universe. The black holes create baryon number in the
universe by our mechanism of the spherical EW domain wall, and also create gravitons.
The Planck-remnants left after the evaporation of black holes behave as the cold dark
matter. 5) The history of the universe after the evaporation of the black holes in our
model is the same as the ordinary models of cosmology.
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7 Spontaneous Charging up of Black Hole
At the final stage of the evaporation of the black hole, the Hawking temperature increases
rapidly and it exceeds the critical temperature of the GUT phase transition. Therefore
the spherical GUT domain wall is formed dynamically around such a black hole. The
dynamical domain wall is classified into the thin wall in the CKN mechanism.
In the ordinary way the Hawking radiation is essentially neutral for any kind of the
charges. However a black hole with a spherical thin wall radiates net (hyper-) charge
and the black hole is (hyper-) charging up itself when the following assumptions are
satisfied; 1) there is a CP-broken phase in the thin wall like the CKN model and 2) the
GUT contains heavy chiral (charge-assigned) fermions like the top quarks in the SM [8].
Because there is an asymmetry of the transparency/reflection rate on the wall between
positive and negative (hyper) charge. The mechanism, spontaneous charging up of the
black hole, is a variant application of the charge transport mechanism in the CKN model,
so the (hyper) charge is transported to the black hole.
By the spontaneous charging up mechanism we can expect that the remnant of the
black hole has (hyper) charge and it may be the extremal (hyper) charged black hole
with a Planck mass. The large-charged extremal black hole is changing to the smaller-
charged black hole with a smaller mass by the Schwinger pair production and the Hawking
radiation associated with the charge loss. We should wait the completion of the quantum
gravity to know the final of the transition sequence.
8 Black Atom
If the extremal electromagnetic charged black holes with a Planck mass are the main
contents of the cold dark matter, how do they behave? If the charge of the remnant Zrem
is positive, it will capture Zrem electrons and forms a kind of atom when the temperature
of the universe becomes lower than about 0.3 eV like the recombination of the hydrogen-
atom from the proton and the electron. However the Planck-massive atom with a positive
electric charged remnant has been excluded as the main content of the cold dark matter
by the several observations, e.g., OYA, MICA and so on.
If the charge of the remnant is negative, it captures |Zrem| protons and forms a structure
like an atom, we call it the black atom. The nucleus of the black atom is the negative
charged remnant (which may be a extremal black hole) and protons go around the nucleus
like the orbital electrons of the ordinary atom. The ionization energy of the black atom is
about 2000 times of that of the ordinary atom because mass of the proton is about 2000
times of that of the electron. Therefore the black atoms are formed as the recombination
of the remnants and the protons in the universe with temperature about 0.6 keV. The
Bohr radius of the black atom is 1/2000 of that of the ordinary atom, the cross section is
also smaller than the ordinary atom and the present observations do not have excluded
existence of the black atom as the main content of the cold dark matter.
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The extremal black hole as the nucleus of the black atom can capture the orbital
protons and the extremal black hole becomes the smaller black hole. The capturing cross
section is about Planck area. Therefore the black atom has finite lifetime and the lifetime
can be evaluated by the similar way for the positronium-lifetime. The black atom has a
lifetime beyond the cosmological time (10 Gyear) when |Zrem| <∼ 7 with a point-particle-
approximation for the proton.
9 Cosmological Graviton Background
The gravitons as well as the other particles are radiated with the Hawking temperature
from the black hole. Therefore our model predicts the cosmological graviton background
(CGB) in the present universe, which was created when the primordial black holes evap-
orated [7]. The energy density of the CGB is evaluated as about 1/82 of that of the
cosmological microwave background (CMB). The energy-spectrum of the CGB is much
different from the Planck-spectrum and it has a peak at the energy 120 ∼ 280 eV.
10 Conclusions
Our model requires the three assumptions; (i) the black hole dominant, (ii) the CP-
broken phase in the wall with O(1) and (iii) the Planck remnant of the black hole. The
assumption (i) requires the condition for the inflation models, more concretely, it requires
that the reheating temperature at the end of the inflation should be higher than about
1012 GeV and so on. The assumption (ii) gives us the restriction for the extension of the
SM. B. J. Carr et al. has given us the restriction for the primordial black holes in the
early universe from the various theories and the observations [14], and the assumptions
(i) is included in the only one of the allowed parameter region of the black hole dominant.
If the remnants have only hyper charge, the remnants are classified into the WIMP dark
matter with Planck mass and detection of them may be difficult. If the remnants are the
black atoms previously mentioned, then the direct detection for them will be possible in
the near future.
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